Yeast cells undergo periodic fluctuations in density during the cell division cycle such that a minimum in density occurs at the time of cell separation whereas a maximum occurs between the time of deoxyribonucleic acid replication and nuclear division. Synchronous cultures can be selected from asynchronously growing cell cultures by withdrawing the cells of least or greatest density after banding in Renografin-sucrose density gradients. This technique is rapid, reproducible, and almost unlimited in capacity.
Yeast cells undergo periodic fluctuations in density during the cell division cycle such that a minimum in density occurs at the time of cell separation whereas a maximum occurs between the time of deoxyribonucleic acid replication and nuclear division. Synchronous cultures can be selected from asynchronously growing cell cultures by withdrawing the cells of least or greatest density after banding in Renografin-sucrose density gradients. This technique is rapid, reproducible, and almost unlimited in capacity.
Two methods have been utilized to obtain synchronous cultures of yeast cells. The first discovered by Williamson and Scopes (8) takes advantage of the fact that certain strains of yeast collect in the stationary phase as unbudded cells which, upon reinoculation into fresh growth medium, initiate budding synchronously. The second, developed by Mitchison and Vincent (3) , involves the selection of unbudded cells from a growing population by differential sucrose density gradient sedimentation. Our analysis of temperature-sensitive yeast mutants defective in specific steps of the cell division cycle (1) requires the use of synchronous cultures, but both of the previously described methods have certain disadvantages. First, both methods are strain dependent. In addition, the method of Williamson and Scopes utilizes cells that are adapting from the stationary to the growth phase, and results obtained with such cells cannot unequivocally be assumed to be valid for cells in the exponential growth phase. The method of Mitchison and Vincent overcomes this objection since synchronous cells are selected from an exponentially growing asynchronous population; however, the necessity of layering a cell suspension on a sucrose gradient limits one to the use of relatively small numbers of cells to avoid "streaming" in the gradient. I attempted, therefore, to find a technique which would overcome both objections by allowing the selection of cells from an exponentially growing asynchronous population in relatively large numbers. The technique to be described herein utilizes the finding that yeast cells undergo periodic fluctuations in density during the cell division cycle by selecting synchronous cells after isopycnic equilibrium banding in Renografin-sucrose density gradients. Equilibrium density centrifugation has recently been reported to be effective in selecting synchronous cell populations of Chlorella (6) .
MATERIALS AND METHODS Media and strains. Cells were grown in synthetic medium [6.7 g of yeast nitrogen base (Difco), 10 g of succinic acid, 6 g of NaOH, 2 g of glucose, 0.04 g of tyrosine, 0.04 g of lysine, 0.04 g of histidine, 0.01 g of adenine, and 0.01 g of uracil, in 1 liter of water at a final pH level of 5.8] with the addition of 0.1% yeast extract. The strain of Saccharomyces cerevisiae used in these experiments, designated A364A D-5 (a/a adel/adel ural/ural tyrl/tyri his7/his7 lys2/ + leu2/ + gall/gall), is a diploid resulting from the mating of haploid segregants from the cross, A364A (a adel ade2 ural his7 lys2 gall) X 79.20.3 (a adel (2) ural ku2 gall).
Isopycnic banding. To determine whether the manipulations involved in this procedure had an adverse affect on the physiology of the cells or introduced artificial synchrony other than that effected by the selection of cells of restricted density, the following control experiment was performed. An asynchronous culture of cells of strain A364A D-5 was split in two; half was subjected to the isopycnic banding procedure described above, whereas the other half was undisturbed. However, rather than collecting only the cells of greatest or least density, the entire band of cells was mixed and suspended in growth medium. Samples were removed from both cultures at 10-min intervals and monitored for optical density readings of 660 nm (ODs0), cell number, budding, and nuclear division as described below. A slight lag in the resumption of OD and cell number increase was evident in the treated culture relative to the control culture amounting to about 5 to 10 min. In both cultures, thereafter, cell number and OD increased in an exponential manner with a doubling time of 130 min, and there was no indication of a stepwise increase in cell number in the treated culture. Neither budding nor nuclear division was perceptibly synchronized by the banding procedure.
Monitoring cell mnmber, buImng, and nuclear dvision. A 1-nil sample was removed from cultures of growing cells and added to 9 ml of 0.15 M NaCl containing 3.7% formaldehyde. After all of the samples were collected, the tubes were sonically treated with a thin probe sonic oscillator (Branson S75; Branson Instruments Inc., Danbury, Connecticut) at 2 amp of power for 3 sec to disperse cell clumps: cell number, budding, and nuclear division were monitored from this preparation. Cell number was determined by particle count in a particle counter (model B; Coulter Electronics Inc., Hileah, Fla.). Budding was determined by visual inspection in a Zeiss phase-contrast microscope.
Nuclear division was monitored by a modification of the technique of Robinow and Marak (4) . After fixation in sodium chloride-formaldehyde (samples may be left at least 24 hr before workup), cells were collected by centrifugation and affixed to cover slips with a thin coating of egg white. The cover slips were dehydrated in 70% ethanol for about 5 min and then incubated in 1% NaCl at 60 C for 30 to 60 min. The cover slips were then incubated at 60 C in 0.2 mg of pancreatic ribonuclease per ml dissolved in 0.05 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 7.4) for at least 60 min. The cover slips were then rinsed once with water and once with Gurr buffer (pH 6.9), prepared by mixing equal quantities of Gurr buffer (pH 7.0) and Gurr buffer (pH 6.8; Bio/medical Specialties, Los Angeles, Calif.), and incubated for 45 to 60 min in 10 ml of Gunf buffer (pH 6.9) containing 0.3 ml of Giemsa R66 (Bio/ medical Specialties). The cover slips were mounted wet onto glass slides, and the edges were sealed with clear nail polish and observed under oil immersion. is monitored by the incorporation of uracil-2-14C. For RNA synthesis, a 1-ml sample was removed from the sodium chloride-formaldehyde-fixed samples and chilled; 100 pg of DNA was added as carrier followed by 1 ml of cold 10% trichloroacetic acid. The samples were collected on Whatman glass fiber filter papers (GF/C) and washed 10 times with 1 ml of cold 5% trichloroacetic acid.
For DNA synthesis, a l-ml sample was removed directly from the culture flask and added to 1 ml of 2 N NaOH. After incubation at room temperature for 1 to 2 days, the samples were chilled, and 100 pg of carrier DNA and 1 ml of 50% trichloroacetic acid were added. The Ordering the sequence of events in synchronous cultures. The lightest and heaviest cell fractions were reinoculated into growth media and monitored for the increase in cell number, appearance of new buds, incorporation of 14C-uracil into DNA and RNA, respectively, and for the division of nuclei (Fig. 3) . In the culture originating from the lightest cell fraction, about one-third of the cells were single unbudded cells that had already completed cell separation at the time of collection. Microscopic counts of the proportion of these unbudded cells in several experiments quantitatively accounted for the lack of a complete doubling in cell number after resuspension. Within 25 min after reinoculation, 50% of the population had undergone cell separation. A delay of 5 to 10 min in the commencement of cell separation was routinely observed and suggests that a short period of readaptation is required after the centrifugation procedure. Half of the cells had initiated a new bud by 50 min and had undergone nuclear division by 120 min. The rate of DNA synthesis increased about fivefold at 40 min and then began to decrease again at about 80 min; these times define the interval during which most of the cells replicated nuclear DNA, although the total interval overestimates the length of the period of DNA replication in a single cell because the population was far from perfectly synchronous. RNA synthesis occurred throughout the cycle at a constantly increasing rate. A second cell separation had been completed in 50% of the population by 160 min.
In the culture derived from the heaviest cells, the first event to occur was nuclear division; 50% of the cells completed this event within 50 min after reinoculation. Half of the cells completed cell separation by 75 min, initiated a new bud by 105 min, and completed a second nuclear division by 185 min. The interval of maximum DNA synthesis was from 85 to 135 min. Again, RNA synthesis proceeded throughout the cycle at a constantly increasing rate.
Thus both the lightest and heaviest yeast cells from exponentially growing asynchronous populations give rise to synchronous cultures upon reinoculation into growth medium. The lightest cells are at the point of cell separation, and the heaviest cells have just completed DNA replication. Both populations complete a cell cycle in about 135 min at 23 C; this period is only slightly longer than the doubling time for the asynchronous culture, 130 min. These observations indicate that a periodic fluctuation in density occurs during the cell cycle of yeast.
Five different diploid strains were tested and all could be synchronized by this technique. To obtain good synchrony, it is important to use a diploid in which budding of mother and daughter cell is synchronous. Whether or not this is the case can be easily ascertained by microscopic examination of asynchronous cultures, since, in the absence of sonic oscillation, mother and daughter cells often remain associated long after both have budded. DISCUSSION A diagram of the cell cycle including the ordering of various events as determined in the present study is shown in Fig. 4 . Only the density fluctuations within the cycle represent new observations as previous investigators have extensively studied the other events of the cycle (for review, see L. H. Hartwell, Annu. Rev. Genet., in press). In addition to the processes included in Fig. 4 , the elegant studies of Halvorson and co-workers have established that specific enzymes are synthesized at discrete and reproducible times in the cycle (for reviews, see reference 7).
The density fluctuation that yeast cells undergo during the cell cycle provides a useful means of obtaining synchronous cultures; however, more significant for our understanding of cellular reproduction would be an identification of the cellular processes responsible for this fluctuation. An explanation for the density variation may lie in the fact that dry mass increases continuously throughout the cell cycle, whereas the increase in cell volume has been reported to occur during the latter half of the cycle (2, 5) ; if mass and volume changes do not proceed coordinately, density variations would, of course, result. Furthermore, the fact that the vacuole is more promi- 
